.-The existence of an enhancing effect of normal guinea pig plasma on the phagocytosis of Pasteurella pestis has been reaffirmed, using a test system consisting of neutrophils from normal nonimmune guinea pigs as the phagocytes. This enhancing influence was found to be attributable to the interplay of a thermolabile and a thermostable plasma component.
component.
The data suggest a consideration of complement as the thermolabile component, since the enhancing activity of plasma is destroyed by heating to 56 C and restored by addition of fresh plasma. The possibility that the thermolabile plasma component is opsonin was discounted. Surface alterations which did occur resulted in preserving the integrity of the envelope substance of the plague bacillus. Treatment of neutrophils with plasma prior to phagocytosis did not increase their phagocytic capacity.
The thermostable enhancing component was not demonstrated to be present in any of three purified serum protein fractions tested. In fact, all of these fractions inhibited phagocytosis of P. pestis. An enhancing effect of purified fibrinogen could not be demonstrated.
Although many factors are implicated in resistance of the animal body to plague, Jawetz and Meyer (1944) indicated that phagocytosis is probably the most important defense mechanism in this disease. They reported that serum or plasma factors in immune guinea pigs increase phagocytosis of Pasteurella pestis by either making the plague bacilli more susceptible to the ingesting activity of leukocytes from immune guinea pigs or by conferring specific qualities on the leukocytes to stimulate their phagocytic capacities. Recently, Cavanaugh et al. (1959) reported that phagocytosis may actually contribute to the dissemination of the plague bacillus in the animal host. Brooks (1913) indicated that plasma or serum opsonins in immunized rats enhance phagocytosis of P. pestis, but he did not provide direct evidence that the enhancing factor was thermolabile opsonin. Abramova (1945) later reported opsonic indices in the serum of vaccinated guinea pigs. Such values, however, did not correspond with protective antibody titers obtained by challenge with P. pestis.
In the present investigation, the influence of blood plasma from normal and from plagueinfected guinea pigs was compared in a highly quantitated test system. This paper describes the effect of normal plasma on the in vitro phagocytosis of P. pestis by neutrophils from normal guinea pigs and the character of the plasma factors that promote enhancement of phagocytosis. A subsequent report will describe the effect of plague infection on the enhancing influence of plasma.
MATERIALS AND METHODS
Heparinized whole blood (10 USP units heparin per ml of blood) was collected aseptically from normal nonimmune guinea pigs by cardiac puncture. Plasma (Link, 1950) . A slant culture grown on this medium at 28 C for 24 hr was used as the inoculum for cultures in Difco brain heart infusion broth supplemented with 0.25%o xylose (Wessman, Miller, and Surgalla, 1958) , 0.06% MgSO4 -7H2O, and 0.004 M CaCl2 .2H20 (Higuchi, Kupferberg, and Smith, 1959) . Broth cultures were grown at 37 C for 24 hr with constant aeration by means of a magnetic stirrer. Smears stained by the Gram method were used to test for bacterial contamination. Suspensions for testing phagocytosis were prepared by centrifuging appropriate samples of the broth culture at 3,000 rev/min for 30 min. The sediment was resuspended in plasma dilutions to a volume resulting in a final concentration of 1 X 109 P. pestis cells per ml.
Phagocytosis assay. Bacteria and neutrophils were suspended separately in concentrations of plasma ranging from 1.25% to 50% and were kept at 37 C for 1.5 hr; 1 ml of neutrophil suspension (1 X 106 cells per ml) was mixed with 1 ml of bacterial suspension (1 X 109 cells per ml) in test tubes (100 mm long by 13 mm outside diameter). Test mixtures thus contained a ratio of 1 neutrophil to 1,000 bacteria in identical plasma concentration. Plasma-free controls consisted of neutrophils and P. pestis suspended in Krebs solution.
Test mixtures were agitated at 37 C for 15 min by continuous rotation at 36 rev/min on a wheeltype rotor inclined at 35°. Smears were prepared on glass coverslips which were mounted, smear side up, with Permount (Fisher Scientific Co., Pittsburgh, Pa.) on glass slides. The smears were dried overnight under a germicidal ultraviolet lamp, immersed for 5 min in absolute methanol, and stained with the Jenner-Giemsa stain (Wintrobe, 1956 ).
Evaluation of in vitro phagocytosis. The degree of phagocytic activity was determined by examining 100 consecutive neutrophils in each smear and calculating the percentage that had ingested one or more bacteria. The mean percentage of phagocytosis of each mixture was calculated from six replicates derived from duplicate smears of three samples of each test and control mixture.
Protein fractionation of serum. Normal guinea pig serum was fractionated by the methanol method of Dubert et al. (1953) . Total protein determinations were made by the biuret method (Gornall, Bardawill, and David, 1949) .
RESULTS
Effect of ratio of bacteria to neutrophils. The most suitable ratio of bacteria to neutrophils for 176 [VOL. 83 on September 23, 2017 by guest http://jb.asm.org/ Downloaded from testing in vitro phagocytosis was ascertained by using a constant number of P. pestis (1 x 109 cells per ml) with varying numbers of neutrophils (1 X 105, 1 X 106, and 1 X 107 cells per ml) suspended in Krebs solution. Differences in phagocytic activity were also determined with respect to the presence or absence of large amounts of the envelope substance of P. pestis. Bacteria were grown at 20 C and at 37 C for this purpose.
A wide range of phagocytic activity occurred with three different ratios of bacteria to neutrophils, 100 to 1. 1,000 to 1, and 10,000 to 1 ( Table  1 ). The degree of phagocytosis in the mixtures containing 1,000 bacteria (37 C) to 1 neutrophil averaged 44%. This response was most suitable for control purposes because both enhancing and inhibiting effects of plasma could be detected from this base line.
Although 50% phagocytosis occurred with 20 C-grown bacteria at 10,000 to 1 ratio, the small number of neutrophils in smears was impractical for evaluation. The phagocytic response obtained using the other ratios with P. pestis grown at 20 or 37 C was either too high or too low to permit the detection of enhancement or inhibition of phagocytosis in the presence of test plasma.
With all ratios, a lower degree of phagocytosis occurred when the bacteria contained large amounts of envelope substance (Table 1 ). The neutrophils were at least twice as active against the bacteria without envelope substance.
Mixtures of P. pestis cells grown at 37 C in a ratio of 1,000 bacteria to 1 neutrophil were subsequently used in assaying phagocytosis under control and test conditions. Cumulative control data from all experiments showed that phagocytic response in a plasma-free environment ranged from 47 to 61% phagocytosis, with an over-all average of 54 %. Effect of normal plasma. A definite phagocytosis-enhancing effect was observed with plasma concentrations from 5 to 50% (Table 2 ). This enhancement increased in vitro phagocytosis from 25 to 40%. A marked increase in phagocytosis was observed in as small a concentration as 5% plasma. The presence of 12.5% plasma increased activity to a maximum of 93% phagocytosis. There was no significant difference among the effects of 12.5, 25, and 50% plasma.
The phagocytosis of P. pestis in normal plasma concentrations below 5% was essentially equivalent to that in the plasma-free control mixtures. Phagocytosis in 3.125 % plasma was not significantly lower than in the plasma-free controls, being within the range of standard deviation. It is apparent from these observations that plasma concentrations below 5% did not enhance phagocytosis of P. pestis.
Effect of plasma treatment of neutrophils and P. pestis. Neutrophils treated with 50% plasma did not phagocytize P. pestis to a greater degree than did untreated neutrophils. The data in Effect of heat inactivation of normal plasma. The effect of heating to 56 to 58 C for 30 min was investigated, using 12.5 and 50% plasma concentrations. Controls were phagocytic mixtures without plasma or with unheated plasma. Phagocytic mixtures in heated and unheated serum were also used as controls to evaluate possible effects by the fibrinogen coagulum in heated plasma.
The enhancing effect of normal plasma in 12.5% concentration was destroyed by exposure to the test temperature. Phagocytosis of P. pestis in heated plasma at this concentration was essentially the same as in controls containing no plasma. The addition of fresh normal plasma to heat-inactivated plasma restored the phagocytosis-enhancing effect to a degree comparable with that in 12.5% unheated plasma (Table 4) . At a concentration of 50%, heated plasma enhanced phagocytosis to the same degree as unheated plasma. Unheated serum enhanced phagocytosis of P. pestis to the same degree as 12.5% plasma, but this enhancing effect was destroyed by heating, as was that of the plasma. Comparison of heated and unheated plasma and serum at this concentration appears to rule out any effects by the fibrinogen coagulum.
Phagocytosis in 50% serum is essentially the same as in control mixtures containing no serum. This is in contrast to the enhancing effect of 50% plasma (Table 4) . Inhibition of phagocytosis took place in mixtures containing 50% heated serum.
Effect of purified serum proteins. Phagocytosis was measured in mixtures containing serum protein fractions to determine whether the heat- stable factor detected in 50% plasma was thermostable antibody, on the assumption that such antibody would be present in one or more of the protein fractions. Considerable depression of phagocytic response occurred, however, when the neutrophils and plague bacilli were added to Krebs solution containing a-1, a-2, or (3-2 globulins; y-globulins; or albumins. fl-1 Globulin was present in only trace amounts in the -y-globulin fraction. Phagocytosis inhibition was essentially the same with all fractions. Heating at 56 to 58 C had no effect on this inhibitory influence (Table 5) .
Effect of purified fibrinogen. The differences noted between 50% plasma and serum in the heat-inactivation experiments (Table 4) , and the results with protein fractions, led to a consideration of fibrinogen as the thermostable enhancing factor. When phagocytic activity was measured in Krebs solution or in 50% serum, each containing purified fibrinogen (WarnerChilcott Laboratories, Morris Plains, N. J.), no fibrinogen enhancement of phagocytosis could be detected (Table 6 ).
DISCUSSION
The effects of plasma and plasma constituents on the in vitro phagocytosis of P. pestis have been investigated under relatively rigid control of quantitative factors. The degree of phagocytosis in experimentally selected plasma-free controls was adequate for defining enhancing or inhibiting influences of test material. Deviation from the mean in these controls, established from cumulative data, was relatively small (a7 %) considering the large population of neutrophils available for ingesting the test microorganism. The importance of maintaining a high degree of quantitative control in phagocytosis studies is re-emphasized. This is shown by the extensive range of phagocytosis that occurs in the absence of plasma when the ratio of neutrophils to bacteria is varied (Table 1 ).
The conclusion of Burrows and Bacon (1956 ) that the envelope substance of P. pestis is a factor in phagocytosis resistance in vitro is reaffirmed with neutrophils of normal guinea pigs. Phagocytosis was reduced considerably when the plague bacilli were surrounded by large amounts of envelope substance. The present study also indicates that such resistance is influenced by the numbers of neutrophils and bacterial cells used in testing (Table 1) .
The relatively sensitive mechanism that governs phagocytosis enhancement can be attributed to more than one component of the plasma. Two factors have been detected. One is a thermolabile component, demonstrable in small concentrations of both plasma and serum (12.5%), with properties suggesting complement. After heat inactivation, enhancing activity is restored by the addition of 10% fresh plasma (Table 4) . The other enhancing factor is thermostable, and is demonstrable in high concentration of plasma, but not in serum. This factor is probably present in smaller amounts, since its effect is abolished by dilution.
Although it is suggested that the thermolabile component may be complement, the data obtained in this investigation do not warrant a definite conclusion. Plasma-treated plague bacilli that had been washed to remove uncombined plasma constituents were not ingested to a greater STANZIALE AND WHITE degree than untreated bacteria (Table 3) . This type of experiment, originally used by Wright and Douglas (1903) , provides strong evidence for the presence or absence of opsonization of bacteria (Mudd et al., 1934; Victor et al., 1952b; Carpenter, 1956) . The possibility that phagocytosis of P. pestis is enhanced by normal plasma because of thermolabile opsonin alone is, therefore, discounted. A number of investigators (Brooks, 1913; Cavanaugh et al., 1959) have reported the detection of an opsonizing effect on plague bacilli. These authors did not demonstrate by the procedure cited above that the enhancing effect was due to thermolabile opsonin.
It seems reasonable to assume that the thermostable enhancing component is probably a normal antibody. Its activity would, therefore, be detectable in one or more of the serum protein fractions. Phagocytosis was not enhanced, however, in the presence of these fractions or in purified fibrinogen. Lack of enhancement with fibrinogen makes it also improbable that phagocytosis enhancement of P. pestis is associated with the clotting mechanism (Tullis, 1953) .
Inhibition of phagocytosis of inert particles by albumin and lack of any effect by a globulin precipitate was reported by Tullis (1953) . The results of the present study confirm the effect of albumin and, in addition, show that phagocytosis of P. pestis is inhibited by certain globulin fractions (Table 5 ). This inhibitory effect of serum proteins must be viewed prudently, however, because the protein molecules in such fractions may be only fragments of the natural molecules or may even contain complexes not present in serum (Carpenter, 1956) . Although complement is a mixture of globulins, the method of serum fractionation used may not have permitted its detection in a purified protein fraction, since the A-1 and ,B-2 globulins were separated. #-1 Globulin was present in only trace amounts. Muller-Eberhard and Nilsson (1960) have shown that one of the ,B-1 globulin components may be an essential factor in the human complement system.
